ABSTRACT: Partial safety factors for the shallow foundations resting on the granular soils have been determined using design value method. Uncertainties involved in the bearing capacity formulas are investigated through a comprehensive literature review. The seismic forces are determined by using POT (peaks over threshold) analysis using earthquake catalog data in Japan, and are fitted to General Pareto distribution. Both First Order Reliability Method (FORM) and Monte Carlo simulation are employed for comparison of probability of failure. It is found that FORM gives very misleading safety index values due to heavy tailed General Pareto distribution.
INTRODUCTION
In this paper, an attempt is being made to determine partial factors for shallow foundation design for highway bridges. Based on a database by Fukui et al (1997) , the frequency of highway bridge shallow foundations has been investigated, and based on this investigation some typical example design cases have been set for code calibration work.
The uncertainties involved in the bearing capacity formulas have been investigated through a comprehensive literature review. The equations proposed by Vesic (1975) are used to calculate the bearing capacities. Only simple cases of square footings resting on the surface of granular soils have been considered as a compromise between an acceptable way of handling the model uncertainties related to shallow foundation design and the reduction in the number of design variables in the reliability analysis.
There exist different opinions on which parameters should be factorized and at which stage of the design process. The authors feel that the partial factors should be applied to the parameters in such a way that the designers can get a "feel" of the design they are doing, and manipulate the safety factors more confidently according to their needs. However, it is too early to decide which parameters need to be factorized and which parameters already accommodate the uncertainties in the others, based on a partial picture as the case analyzed here in this paper.
The partial factors have been applied to the sources of uncertainties, namely, to the internal angle of friction (φ) and unit weight of soil (γ) in the resistance side, and to the seismic acceleration (S e ) and vertical load (V) in the loading side. In addition, to incorporate the effect of uncertainty in the proposed bearing capacity factor, N γ , a correction factor δ has been used and a partial factor applied to it. The probability of failure and the reliability indexes for the typical example cases are obtained from both the FORM analysis and Monte Carlo simulation.
EVALUATION OF UNCERTAINTIES

Uncertainties in Loads
Seismic load is the dominant source of uncertainty in Japan and the distribution parameters for it have been determined using the POT analysis. Seismic accelerations for Tokyo for the years 1600 to 1995 have been extracted from the Usami catalogue (1997) and fitted to a General Pareto (GP) distribution, and 100-year return period maximum acceleration has been calculated. Fig.1 shows yearly maximum accelerations obtained for Tokyo. For the POT analysis, the threshold seismic acceleration values are fixed by using exploratory data analysis tools such as the sample mean excess function (mef) plots, γ e -estimate plots using different estimating methods -maximum likelihood estimate (MLE), moment estimate and Drees-Pickands estimate-and the qq-plots (Honjo and Amatya, 2001) . Fig.2(a) shows the estimates for γ e against k and Fig.2(b) is the mean excess plot. The threshold values are so decided that it lies in the portion where the sample mef "looks linear" (Bassi, 1998) and has number of exceedances, k, in the "plateaus" of the γ e -estimate plot.
Estimating the GP distribution parameters from POT, annual distribution function for the seismic acceleration, S e , can be then arrived at by: 
valid for S e ≥ µ e . Here, n = number of data, k = number of data exceeding a threshold value (µ e gals) and γ e , µ e and σ e are respectively the shape, location and scale parameters of the GP distribution. The distribution parameters thus estimated have been found to be satisfactory and stable for calculations of maximum accelerations of up to 500-year return period. The ones used in this paper are:
MLE estimated parameters for k = 95, n = 396, γ e = 0.067, µ e = 11.863, σ e = 44.427 and 100-year return period maximum acceleration, S e100 = 169gals. The CDFs of the estimated GP distribution fitted to the data are shown in Fig.2 
(c).
2.2
Uncertainties in Bearing Capacity Ultimate bearing capacity for a general condition of loading given, for example by Brinch Hansen (1961), is:
where c = cohesion of soil, q = surcharge, γ = unit weight of soil, N c , N q and N γ are bearing capacity factors and s, i and d are shape, load inclination and footing depth modification factors respectively for the corresponding bearing capacity factors with the same subscripts; B′ = Meyerhof's effective width = B -2e, B is the width of footing and e is the load eccentricity. The factors N c and N q have closed form solutions, and are given by equation (3). But there exist numerous proposals for the calculations of the factor N γ and the modification factors s, i and d.
Determination of uncertainty in N γ
There is no closed form solution available for the bearing capacity factor N γ and there are a number of proposals made by different authors. Some of them are: Vesic 's proposal (1975) , given below in equation (5), has been used in this paper. It is worthy to note that Ingra and Baecher (1983) obtained the relation between N γ and φ based on the regression analysis of experimental results from model tests and prototype footings on sand collected from different authors. As a measure of uncertainty in the Vesic's proposal with respect to the Ingra and Baecher's proposal, a factor δ (U1 in Table 1 ) is introduced in equation (2), which is the ratio between the N γ proposed by Ingra and Baecher (1983) to the one proposed by Vesic (1975) .
The comparison of the variations of N γ 's obtained from the proposals given in equations (4) and (5) as internal angle of friction of soil changes is being made in Fig.3. 
Uncertainty in friction angle
The friction angles have been derived from the coefficient of vertical subgrade reaction, k V , using the relation given in Standards for Highway Bridges (SHB) 1996, Japan: (6) was used for the calculation of φ.
Simple cases of bearing capacity considered
In order to isolate the uncertainty due to friction angle φ, only simple cases of square footings resting on the surface of granular soils have been considered, i.e., c = 0, q = 0, d γ = 1 and s γ = 1. After applying the above simplifications to equation (2), the performance function g(·) to be evaluated when there is a vertical load V is: The modification factor i γ has been taken as i γ = cosθ (1 -sinθ / sinφ), where θ is the inclination of load to the vertical. As has been summarized in Siddiquee et al (2001) , it has been found that this proposal for i γ underestimates the negative effects of load inclination. The underestimation increases with the increase in the load inclination.
Further, it might be worthy noting at this point that Meyerhof's effective width B′ = B -2e has been sometimes criticized as being over-conservative. Michalowski et al (1998) have found that this yields a bearing capacity equivalent to that calculated based on the assumption that the footing base is smooth. It gives reasonable results for any type of soil-footing interfaces for small eccentricities (e / B < 0.1) and for cohesive or cohesive-frictional soils when the soil-footing interface is not bonded. It underestimates for the footing on cohesive soils with frictional or adhesive soil-footing interfaces by a margin of about 8%. But it overestimates for purely frictional soils when the surcharge load is relatively small.
RELIABILITY ANALYSIS
Typical Design Cases
The design cases, i.e., the loading cases and the soil parameters, have been set based on a survey database by Fukui et al (1997) . In this survey, 1869 bridge piers, which employed shallow foundations, were investigated and dimensions, loads applied and ground conditions were compiled. The design cases and the uncertainties in the basic variables of the performance function g(·) are given in Table 1 .
Based on this survey, the frequency of friction angle, φ, used are plotted in Fig.4 . The three cases of φ's have thus been decided. Fukui et al, 1997) decided for the effects of seismic loading, where H, V and M are horizontal load, vertical load and moment respectively. It has been assumed here that H and M are generated by the seismic acceleration of S e100 , i.e., a 100-year reference period has been chosen for the calculation of seismic load. Five cases of V are considered based on this. A total number of 135 cases are thus considered for the reliability analysis.
Further, the inclination of load to the vertical and load eccentricity are given by θ = tan -1 (H * / V) and e = M * / V respectively where H * = S e / S e100 ⋅H and M * = S e / S e100 ⋅M.
Target Reliability Index
The FORM analysis has been used to calculate Hasofer and Lind reliability index and Monte Carlo simulation has been used for the determination of failure probability and then reliability index calculated for design cases decided as mentioned above.
First, the footings were designed in a conventional way using global safety factor of 2.0 and a seismic acceleration of 200gals. The average of the reliability indexes thus obtained from the FORM, β, was found to be 1.82 (probability of failure would be of about 0.0344) with a standard deviation of 0.251, and hence, the target reliability, β T , for the partial factor determination was fixed to 1.9 for further analysis.
For comparison, reliability indexes were also determined using Monte Carlo simulations for the same cases considered. The average probability of failure obtained for 2 million to 10 million simulations was 1.0455×10 -3 which is equivalent to the reliability index of about 3.077. The main reason for this is the treatment of the General Pareto distribution for seismic acceleration, a heavy tailed distribution, in FORM which requires the conversion of all non-normal distributions to standard normal distributions.
3.3
Partial Factors and Consistent Reliability Index On the application of partial factors to the design variables, the performance function becomes: Table 1 . Design cases considered and the uncertainties in the design parameters.
In Table 2 , the partial factors for S e , V, γ, φ and δ using design value method with β T = 1.90 have been presented. The normal and lognormal approximations indicate the cases when the basic variables of the FORM analysis were treated to follow normal and lognormal distribution for the calculation of partial factors.
It was observed that the uncertainty in the friction angle was dominant. This is illustrated in Table 2 by fixing the uncertainty in friction angle. It can be seen that the sets of partial factors are relatively insensitive to uncertainties considered in design parameters other than φ.
The reliability indexes, β′, were calculated applying the partial factors. It can be seen, both in Table 2 and Fig.6 , that there are reductions in standard deviations. It can be thus concluded that applying partial factors result in designs with more consistent reliability indexes than when the traditional global safety factor is applied.
CONCLUSIONS
In this paper, General Pareto distribution parameters were estimated by the POT analysis for the seismic acceleration for Tokyo.
The partial factors applied to the sources of uncertainty are obtained for the cases of square footings on the ground surface of granular soils. The Hasofer and Lind reliability indexes for the designs obtained from the FORM analysis was very less as compared to the results from the Monte Carlo simulations. It is because the transformation of General Pareto distribution to Normal distribution is required during the FORM analysis.
However, for all the cases listed in Table 2 , there are reductions in the standard deviations of the reliability indexes, indicating more consistent results are possible by the application of partial factors than by the traditional single safety factor. 
